In this study, subsequent time-dependent deformation after cyclic preloading and a constitutive model is discussed. Stress-strain curves of 10 th and 30 th cycle of cyclic loading under the strain rate of 0.01%/sec with the strain amplitude of 0.5% using Type 304 stainless steel at room temperature are almost same. However, creep and stress relaxation after the two cyclic loading are different due to the number of cycle of the cyclic preloading. The experimental results are simulated by a unified constitutive model. The model is constructed referring to dislocation observations after 10 th and 30 th cycles of cyclic loading by using TEM (Transmission Electron Microscope). The constitutive model shows good agreements with the experimental results of the subsequent creep and the subsequent stress relaxation.
Introduction
General purpose FEM codes are used for the structural analysis in many industrial areas. Most of the constitutive models incorporated into FEM codes are too simple to describe the complex deformations. Therefore, many constitutive models have been proposed [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . To construct more accurate constitutive model, it is important to know the deformation mechanisms of polycrystalline metallic materials.
In this study, to clarify the relation between deformation and microscopic phenomena, material testing, microscopic observation, and constitutive modeling are conducted. First, using Type 304 stainless steel at room temperature, the subsequent creep and the subsequent stress relaxation after tension-compression cyclic loading are conducted. Then, the microscopic observation of specimens after cyclic loading are carried out by using TEM. Finally, a unified constitutive model is proposed to simulate the cyclic preloading and the subsequent time-dependent deformation. The constitutive model employs a viscoplastic potential, Prager-Ziegler type of the evolution equation of back stress, the stress-strain relation expressed by the power law, and the internal variable related to dislocation structural changes.
Experimental Procedures
The specimen used in this study is a drawing tube of Type 304 stainless steel subjected to a solution heat treatment. The drawing tube has a 32mm outer diameter and 6mm wall thickness and is annealed by the manufacturer at 1070℃ followed by water quenching for half an hour. Its chemical compositions are 0.02C, 0.45Si, Fig.1 . The specimens are fabricated by metal cutting and then annealed to get an initial isotropic stress state. In this annealing process, the specimens are heated and maintained at 380℃ for 120min followed by air cooling. Young's modulus of the specimen at room temperature is E=200GPa. A servo-controlled axial-torsional testing machine is used for computerized testing data and data acquisition. Strain is measured using two strain gauges applied on diametrically opposite side of the specimen. The axial force is measured using the load cell incorporated in the machine.
There are two types of test in this work: (i) tensile creep tests after cyclic tension-compression loading with the constant strain amplitude 0.5% and the constant strain rate 0.01%/sec; (ii) stress relaxation tests after cyclic tension-compression loading with the constant strain amplitude 0.5% and a constant strain rate 0.01%/sec.
Formulation of Unified Constitutive Model
A unified constitutive model used in this study was proposed by authors previously [11] . Summary of the constitutive model is as follows. The viscoplastic potential is defined as in chaboche [12] . 
where is MacAuley bracket and defined as ( )
H is the drug stress, n is the material constant and R is the flow stress. R is assumed as
In Eq.(2) R sat , λ and c are material parameters. The equivalent stress σ in Eq.(1) is represented as
where ij s and ij α′ are the deviatoric components of the stress tensor ij σ and the kinamatic back stress tensor ij α , respectively.
The normality hypothesis now becomes
The modified viscoplastic work rate is defined as the following equation.
Then, from Eqs.(4) and (5), the following equation is given.
From Eqs. (4) and (6), the flow rule can be explained by 230
Advances in Engineering Plasticity and Its Applications
From Eq. (7) the equivalent strain rate can be described as the follow;
The following Ziegler's type of assumption for the evolution equation of the kinematic back stress is used here.
where µ & is the scalar multiplying factor which is determined from Eqs. (3), (6) and (9) . Eventually, the kinematic back stress rate is represented by
In this paper, the following power law is used to represent the nonlinear viscoplastic modulus,
where E is Young's modulus and K is a material constant. ˆv ε is the equivalent viscoplastic strain measured from R ij ε , which is the viscoplastic strain just before the loading direction changes. And σ is in general represented as,
where ˆi j α′ is the deviatoric components of the center of the current yield surface ˆi j α before the loading direction change. The back stress ij α is memorized as ˆi j α when the loading direction changes.
Because the residual viscoplastic strain R ij ε is constant during the current loading, v ij ε& is equals to
ij ij ε ε ε = + . Then Eqs. (11) and (12) give
In Eqs. (11) and (13), D and m are the functions depending on the accumulated inelastic strain at the memorized point. They can be assumed to be expressed by Eqs. (14) and (15), respectively. 
Experimental Results
Tension Compression Cyclic Loading Fig.2 shows the relation between the tensile peak stress and number of cycle during tension-compression cyclic loading. The cyclic loading was conducted under the strain rate of 0.01%/sec with the strain amplitude of 0.5%. It can be seen that initially the cyclic hardening occurs until 20 th cycle and after that, the cyclic softening is observed. Figure 2 also shows that the peak stresses of 10 th and 30 th cycle are almost same. In Fig.3 the symbol (○) and solid line show the stress-strain curves of 10 th and 30 th cycles of the cyclic loading. It can be seen that the stress-strain curves of them are also almost same. Subsequent Creep Tests In Fig.4 the symbols (○) and (•) show the subsequent creep curves during 1000 seconds at the stress levels of 315MPa. The creep tests were conducted after the 10 and 30 cycles of the tension-compression cyclic preloading under the strain rates of 0.01%/sec with the strain amplitude of 0.5%. It can be seen that the subsequent creep strain after 30 cycle of the cyclic loading is clearly smaller than that after 10 cycles although these stress-strain curves of the cyclic preloading are almost same as shown in Fig.3 . Fig.5 the symbols (○) and (•) show the relations between the relaxed stress and time during 1000 seconds. These stress relaxation tests were conducted at tensile strain 0.5% after 10 and 30 cycles of tension-compression cyclic loading under the strain rates of 0.01%/sec with the strain amplitude of 0.5%. It can be seen that the amount of the stress relaxation after 30 cycles is smaller that after 10 cycles although the stress-strain curves of them were almost same. Namely, Fig.4 and Fig.5 show that time-dependent deformation decreases with the increase in the number of cycle of the cyclic preloading.
Discussions
TEM Observation In Fig.6 (a) and (b) show the dislocation structures of the specimens after 10 and 30 cycles of the cyclic loading respectively. It can be seen that the dislocation structures after 10 and 30 cycles of the cyclic loading are clearly different although the stress-strain curves are almost same as shown in Fig.3 . Therefore, this observation suggest that the change of the dislocation structures lead to the different the subsequent creep and the subsequent stress relaxation as shown in Fig.4 and Fig.5 . Numerical Simulations The dislocation density increase with the number of cycle of cyclic preloading. And the dislocation density affects on the subsequent time dependent deformations as shown above. As shown in Eq.(10), the material constant H is multiplier of viscoplastic strain rate. And the amount of time-dependent deformation is changed due to H. Therefore, assuming that the dislocation density increase with the accumulated viscoplastic strain, the material constant H should be a function of the accumulated viscoplastic strain as 
In Eq.(17), D sat , α h , h a , α s and s a are the material parameters. Using these equations and the best fit material constants as shown in Table1 the numerical simulations were conducted. In Fig.7 the symbol (○) and the solid line show the simulated stress-strain curves of 10th and 30th cycle of the tension-compression cyclic loading corresponding to Fig.3 . The simulated stress-strain relations of 10 th and 30 th cycle of the cyclic preloading are well agree with each other as same as the experimental result shown in Fig.3 .
The solid line and the broken line in Fig.4 show the simulated subsequent creep curves. The simulated creep curves are different due to the number of cycle of the cyclic preloading. It can be seen that calculations have good agreements with experimental results.
The solid line and the broken line in Fig.5 show the simulated subsequent stress relaxation. The simulated stress relaxations are different due to the number of cycle of the cyclic preloading. And the amount of the stress relaxations is also well simulated.
Conclusions
In this paper, the subsequent time dependent deformations after cyclic loading were discussed. To simulate the subsequent time-dependent deformation a constitutive model was proposed. As the results, the following conclusions were obtained: (1) The subsequent creep tests after 10 and 30 cycles of tension-compression cyclic loading showed that the creep strain decrease due to the increase of cyclic preloading although the stress-strain curves of 10 th and 30 th cycle of cyclic preloading were almost same. (2) The amount of stress relaxation after 30 cycles is smaller than that after 10 cycles although the stress-strain curves of 10 th and 30 th cycle of cyclic preloading were almost same. (3) From the microscopic observations by using TEM, the dislocation structures after 10 and 30 cyclic preloading were clearly different although the stress-strain curves of 10 th and 30 th cycle of cyclic loading were almost same. These results suggest that the change of microstructures effects on the subsequent time-dependent deformations. (4) The proposed constitutive model successfully simulated both the tension-compression cyclic preloading and the subsequent time dependent deformations.
